We present a staggered finite-difference (FD) forward modeling algorithm of computing frequency-domain EM fields using coupled potentials in 3D inhomogeneous anisotropic media. This algorithm is based on the partial differential equations (PDE) for coupled vector and scalar potentials subject to the appropriate boundary conditions, which are approximated using central FD on a Yee's staggered grid. After discretization, a complex matrix equation is assembled, and is iteratively solved using complex biconjugate gradient method with preconditioning such as SSOR and Jacobi preconditioners. For the homogeneous full space, 1D and 2D layered anisotropic formations, we compared the numerical results from our algorithm with analytical solutions, our own 2D coupled potential FD solutions and 3D direct field FD solutions, and found excellent agreements between them. We also discussed the influences on iterative convergence rate using different frequencies and conductivity contrasts. To illustrate practical applications of this new algorithm, we conducted some more complicated model simulations. All numerical examples show that the algorithm can efficiently simulate EM fields in 3D inhomogeneous anisotropic media with highly discontinuous anisotropic conductivities over a wide range of frequencies.
Introduction
Some various EM finite-difference (FD) numerical simulations have been extensively applied to 3D EM geophysics in the recent years (for example, Smith, 1996; LaBrecque, 1999; Haber et al, 2001; Wang et al, 2001, and Hou et al, 2002) . These numerical simulation approaches may be based on directly solving Maxwell's equations, or the second order partial differential equations (PDE) governing electric or magnetic fields, called direct field methods, or the second order PDEs governing potentials, called potential methods. Potential methods are now becoming more prevalent for FD modeling in the EM domain, especially at low frequencies. For example, Smith (1996) developed a corrected algorithm for the direct field method using scalar potential. LaBrecque (1999) derived the coupled potential formulations using the standard-grid FD in isotropic media. Druskin et al (1999) , Haber et al (2001) , and Newman et al (2002) used the different potential formulations from LaBrecque (1999) for EM modeling in i sotropic media. Chin (1999, personal communication) presented a coupled potential method using the standard grid FD in block-constant transversely isotropic media. Based on past research, these potential formulations have some advantages compared to the direct field modeling.
For example, they can overcome the problems of spurious modes resulting from using the "curl-curl" equation of direct fields at low frequencies. Hence, these potential formulations are able to calculate results over a very broad frequency range. Since the potentials are continuous everywhere, they can handle large conductivity contrasts.
According to the advantages of the potential formulations, following LaBrecque (1999) we will conduct FD modeling of EM fields at a staggered grid using the 2nd-order coupled (vector-scalar) potential PDEs in 3D inhomogeneous anisotropic media for borehole EM logging.
Theory
Assuming a time harmonic dependence of (1), we can get the following coupled PDEs governing the vector-scalar potentials
Here A is called the vector potential and satisfies the Coulomb gauge, and V is called the scalar potential. This system is defined over an unbounded spatial domain
practice, a bounded sub-domain of Ω will be used for our real numerical simulation. In order to complete the specification of this system, in our research the homogeneous Dirichlet and mixed boundary conditions for coupled pot entials have been used. Hence, the EM forward modeling reduces to solving the boundary-value problem consisting of equations (2) and (3) subject to the boundary conditions. We also know that there are the relationships between EM fields and coupled potentials, namely
. It is evident that if the scalar and vector potentials are known, the EM fields may be calculated directly from these equations.
For example, if we assume the complex conductivity ' σ is a symmetric and non-negative 3 3× tensor, and it can be expressed as 
A are three components of the vector potential in x, y and z directions. Next we will solve these PDEs using the staggered FD method.
To solve the 3D boundary-value problem of coupled potentials by the FD method, we divide the solution domain into Hence F is a large, sparse, and band matrix; its elements mainly depend on the grid spacing and medium conductivity;
X is the unknown vector of complex values of the potentials throughout the model; B is the right-hand vector containing source terms associated with the boundary conditions. Hence, the EM forward modeling is equivalent to solving the discretized linear system (4). Since the linear system (4) is a non-symmetric complex linear o ne, we solve it using the complex bi-conjugate gradient algorithm (CBCG). To accelerate its rate of convergence, we precondition the linear system before we solve it. Therefore, we call the overall scheme the preconditioned complex bi-conjugate gradient algorithm or PCBCG. We have used the preconditioning methods in our numerical simulation; for example, Jacobi, ILU, and SSOR preconditioners (Axelsson, 1994) .
Numerical examples
We have implemented the algorithm, and in this section we will present some n umerical examples of borehole EM . The formation is a layer with a thickness 6m and its invasion zone's radius is 1m, the invasion conductivity is 1s/m and 2s/m. The formation anisotropic factor of conductivity is 2. (1) Code validation In order to check this code some numerical tests are conducted. Let EM frequency be 10kHz. Checks that are made include: (1) checks against the analytical solution to the full space; (2) comparison with the solutions from our 2D potential and 3D direct field programs using 1D layered formation and 2D models (1D with invasion); (3) consistency of the solutions with conservation laws that must hold at all frequencies. Some results are shown in Figure 1 -2. All of them show the excellent agreements of the solutions between this code and the analytical, our 2D potential and 3D field solutions. From Figure 2 , we also find the vertical current is continuous across the formation interface, so the conservation law is held.
(2) Effect of different frequencies and conductivity contrasts Next, we demonstrate the effect of using different frequencies on iterative convergence. The numerical results are summarized in Table 1 -2. They show that the iterative convergence is insensitive to the change of frequencies less than 1kHz. We also test the effect o f using different conductivity contrasts on iterative convergence. They are gathered in Table 3 (3) Application to 3D models The application to a 3D anisotropic model is shown in Fig.3-4 .
Conclusions
In this paper, we have developed and implemented a fast staggered FD modeling algorithm using coupled potentials for the solution of Maxwell's equations of frequency domain in a 3D anisotropic medium with large conductivity contrasts at low to high frequencies (for example, 0-1MHz) on a personal computer. The resulting algorithm was tested on a variety of EM forward problems. r is the radius of the invaded zone, K is the anisotropic factor, and the source is a dipping electric dipole. 
